The vanilloid receptor TRPV1 (transient receptor potential vanilloid 1) is a cation channel that serves as a polymodal detector of pain-producing stimuli such as capsaicin, protons (pH Ͻ5.7), and heat. TRPV1 antagonists block pain behaviors in rodent models of inflammatory, neuropathic, and cancer pain, suggesting their utility as analgesics. Here, we report that TRPV1 antagonists representing various chemotypes cause an increase in body temperature (hyperthermia), identifying a potential issue for their clinical development. Peripheral restriction of antagonists did not eliminate hyperthermia, suggesting that the site of action is predominantly outside of the blood-brain barrier. Antagonists that are ineffective against proton activation also caused hyperthermia, indicating that blocking capsaicin and heat activation of TRPV1 is sufficient to produce hyperthermia. All TRPV1 antagonists evaluated here caused hyperthermia, suggesting that TRPV1 is tonically activated in vivo and that TRPV1 antagonism and hyperthermia are not separable. TRPV1 antagonists caused hyperthermia in multiple species (rats, dogs, and monkeys), demonstrating that TRPV1 function in thermoregulation is conserved from rodents to primates. Together, these results indicate that tonic TRPV1 activation regulates body temperature.
Introduction
Members of the transient receptor potential (TRP) ion channel superfamily are proposed to mediate various sensory functions such as touch, pain, taste, and thermosensation (Clapham, 2003) . TRP vanilloid (TRPV1-4) and melastatin (TRPM8) family members and TRP ankyrin 1 (TRPA1) are directly activated by either heat or cold and by compounds that modulate sensations of warmth, cooling, and burning pain (Caterina et al., 1997; Jordt et al., 2003; Patapoutian et al., 2003; Dhaka et al., 2006) . Capsaicin, the active ingredient of hot chili peppers, and its ultrapotent vanilloid analog, resiniferatoxin (RTX), from Euphorbia resinifera, elicit burning pain by activating TRPV1 channels on sensory nerve endings (Caterina et al., 1997; Szallasi and Blumberg, 1999) . In addition to capsaicin and RTX, multiple other ligands [anandamide, protons (pH Ͻ5.7) , and products of lipoxygenase], heat (Ͼ42°C), and G-protein-coupled receptor signaling activate TRPV1, making it a molecular integrator of multiple noxious stimuli (Caterina et al., 1997; Tominaga et al., 1998; Szallasi and Blumberg, 1999; Holzer, 2004; Szolcsanyi, 2004) . TRPV1 emerged as a therapeutic target for pain because (1) agonists of TRPV1 cause desensitization of the channel and subsequent neuronal ablation, which alleviate pain-like behaviors in rodents and pain in humans (Szallasi and Blumberg, 1999) , (2) it is upregulated during inflammatory conditions and is activated by components of the "inflammatory soup" to transduce inflammation-induced hyperalgesia in rats (Ji et al., 2002; Holzer, 2004; Szolcsanyi, 2004; Keeble et al., 2005) , and (3) TRPV1 knock-out mice display reduced thermal hypersensitivity after inflammatory tissue injury (Caterina et al., 2000; Davis et al., 2000) .
Several novel TRPV1 antagonists were discovered by high throughput screening of chemical libraries and by medicinal chemistry efforts Szallasi and Appendino, 2004; Doherty et al., 2005; El Kouhen et al., 2005; Gavva et al., 2005a,b; Swanson et al., 2005; Xi et al., 2005; Ognyanov et al., 2006) that block all modes of activation and produce antihyperalgesic effects in models of inflammatory (Pomonis et al., 2003; Gavva et al., 2005b; Honore et al., 2005 ; and references therein) and surgical-incision pain , as well as analgesia in cancer pain models (Ghilardi et al., 2005) , confirming the potential utility of TRPV1 antagonists as therapeutics for pain.
Agonists of TRPV1, such as capsaicin and RTX, have long been known to decrease body temperature (producing hypothermia) in multiple species, including humans (Hori, 1984; Szallasi and Blumberg, 1999) . However, it is not known whether TRPV1 is tonically activated in naive rodents and primates, or even whether it is involved in body temperature regulation. In our efforts to evaluate on-target coverage (antagonism) of TRPV1 in vivo, we tested the ability of TRPV1 antagonists to block capsaicin-induced hypothermia. TRPV1 antagonists, such as (E)-3-(4-t-butylphenyl)-N- (2,3-dihydrobenzo[b] [1,4]dioxin-6-yl)acrylamide (AMG9810), not only blocked capsaicininduced hypothermia in rats but also caused hyperthermia on their own. Here, we describe investigations of the pharmacology and brain-penetration properties of TRPV1 antagonists that revealed the presence of tonic TRPV1 activation in vivo and body temperature regulation as its primary function.
Materials and Methods
Cloning, cell lines, and 45 Ca 2ϩ uptake assays. Cloning and stable cell generation for rat and human TRPV1 was described by Gavva et al. (2004) . Chinese hamster ovary (CHO) cells stably expressing rat TRPV1 were maintained in DMEM supplemented with 10% dialyzed FBS, 800 g/ml Genetecin, penicillin, streptomycin, L-glutamine, and nonessential amino acids. RNA from cynomolgus monkey DRG was prepared and used for generating first-strand cDNA using a cDNA synthesis kit (BD Clontech, Palo Alto, CA). Two primers, 5Ј-GGCTCTATGATCG-CAGGATATC-3Ј and 5Ј-CTCTGCTTGACCGCAGGGAG-3Ј, were used in a PCR to amplify the partial cynomolgus monkey cDNA. The PCR product was then subcloned into a pcDNA3.1 vector (Invitrogen, San Diego, CA) and sequenced (GenBank accession number EF100779). Because there are only 11 amino acids different between the human and cloned cynomolgus monkey TRPV1 region, we introduced point mutations in human TRPV1 using the QuickChange site-directed mutagenesis kit (Stratagene, La Jolla, CA) to obtain a vector expressing cynomolgus monkey TRPV1 (K141E, T172D, D185G, L190F, H233N, T275P, I434T,  G470E, M503V, D605N, A620G ). Because the residues that are mutated span amino acids 112-727, cynomolgus monkey TRPV1 cDNA contains N and C termini from human TRPV1. CHO cells stably expressing cynomolgus monkey TRPV1 were generated as described previously for rat TRPV1 (Gavva et al., 2004) .
The partial dog TRPV1 cDNA sequence was assembled from dog genomic DNA. Amplification of the dog TRPV1 gene from exon 3 to exon 15 was performed using the Long Template PCR kit (Roche Diagnostics, Alameda, CA) in eight different reactions. The DNA sequence corresponding to each exon was then used to assemble the final predicted dog TRPV1 cDNA sequence that encodes amino acids 111-770 corresponding to human TRPV1. The critical residues for agonist and antagonist binding within TRPV1 are present in transmembrane regions 2-4 (Jordt and Julius, 2002; Chou et al., 2004; Gavva et al., 2004) and are conserved between rat, dog, monkey, and human TRPV1 (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). Fulllength dog TRPV1 was made as a chimera containing N-and C-terminal human sequences corresponding to residues 1-111 and 771-839. A fulllength dog TRPV1 sequence was deposited to GenBank (accession number AY568758) after we assembled ours. The dog TRPV1 sequence that we used (amino acids 111-770) is identical to AY568758. HEK293 cells transiently transfected with pcDNA3.1 expression vector encoding dog TRPV1 cDNA [as described for rat TRPV1 (Gavva et al., 2004) ] were used in agonist-induced 45 Ca 2ϩ uptake assays. All of the agonistinduced 45 Ca 2ϩ uptake assays that measure antagonism of TRPV1 were conducted essentially as described previously (Gavva et al., 2005b) .
Capsaicin-induced flinch model. Male Sprague Dawley rats (Charles River Laboratories, Wilmington, MA) weighing 190 -220 g were allowed at least 3 d of acclimation in the Amgen American Association for the Accreditation of Laboratory Animal Care-approved animal care facility before being used. Rats (eight per group) were pretreated with vehicle or single to various doses of TRPV1 antagonists in a dose volume of 5 ml/kg in Ora-Plus/5% Tween 80 (oral gavage), 2 h before intraplantar injection of 0.5 mg of capsaicin (Sigma-Aldrich, St. Louis, MO) in a volume of 25 l of 5% EtOH in PBS without Ca 2ϩ and Mg 2ϩ . Immediately after the injection of capsaicin, the number of flinches was recorded over a 1 min period. Blood samples were collected immediately after behavioral testing for pharmacokinetic analysis.
Radiotelemetry in rats. Male Sprague Dawley rats (Charles River Laboratories) weighing 175-250 g (6 -8 weeks of age) were single housed and allowed a 1 week acclimation in the animal care facility before the start of the experiment. The temperature in the room used for radiotelemetry experiments was maintained at 20 Ϯ 2°C. To implant the radiotelemetry probe (model ER-4000 PDT; Mini Mitter, Brend, OR), rats were lightly anesthetized using isoflurane (IsoFlo; Abbott Laboratories, Chicago, IL) at a concentration of 2% isoflurane at 2 L/min oxygen flow. In right lateral recumbence, the left lateral abdominal wall was clipped and cleaned with Betadine solution (Purdue Frederick Company, Stamford, CT) followed by 70% alcohol in water. A 3-4 mm incision was made through the skin and abdominal wall, into which a sterilized probe was inserted. The surgical site was closed with absorbable suture material (4-0 vicryl; Ethicon, Somerville, NJ) and black silk suture material (4-0; Ethicon), and the animals were returned to their home cage for recovery and allowed 3 d of recovery before the drug experiment.
On the day of the experiment, single-housed animals were placed on the radiotelemetry receivers. The baseline of body core temperature was recorded for 30 min before the drug administration. Rats (eight per group) were either treated with vehicle or single to various doses of TRPV1 antagonists in a dose volume of 5 ml/kg in Ora-Plus/5% Tween 80 (oral gavage), and the body core temperature recordings were continued for 2 more hours. Blood samples were collected immediately after behavioral testing for pharmacokinetic analysis.
Body temperature measurements in dogs. Female Beagle dogs (Marshall Farms, North Rose, NY) weighing ϳ7-12 kg that were surgically implanted with D70-PCT telemetry transmitters (Data Sciences International, St. Paul, MN) were used. During the monitoring phase (before and after the dose), all dogs were single housed in stainless steel cages. Two groups of animals (three per group) were treated with a single dose of the vehicle (2% Pluronic F108 in Ora-Plus) or 30 mg/kg (N-{4-[({[(4-tert-butylbenzyl)amino]carbonothioyl}amino)methyl]-2-fluorophenyl}methanesulfonamide (JYL1421) via oral gavage at a dose volume of 5 ml/kg. All doses were administered using appropriately sized oral gavage feeding tubes and syringes, followed by a flush of ϳ5-10 ml of municipal tap water.
Animal health was monitored across the course of the study with clinical observations and body weights. Beginning ϳ1.5 h before dose administration and continuing until 24 h after dose administration, body temperature, motor activity, arterial blood pressure (systolic, mean, and diastolic), and heart rate were recorded from each animal for 20 s at 3 min intervals (unless the animal was removed from the cage for blood collection or detailed observation). All of the data were recorded and integrated on a telemetry computer system (Data Acquisition software, version 2.2; Data Sciences International). For pharmacokinetics analysis of JYL1421, blood samples were collected ϳ2, 4, 8, and 24 h after dose administration and processed to plasma. Concentrations of JYL1421 in the plasma were determined by liquid chromatography/tandem mass spectrometry analysis. Individual plasma concentration time data were analyzed by noncompartmental methods using WinNonlin version 4.1e Build 200408051632 (Pharsight, Mountain View, CA). At the end of the study, all animals were returned to the colony.
Body temperature measurements in monkeys. Male cynomolgus monkeys (Macaca fascicularis) weighing ϳ3-7.3 kg were surgically implanted with Data Sciences International telemetry transmitters (contract service provided by SNBL USA, Everett, WA). During the monitoring phase (before and after dose administration), all cynomolgus monkeys were single housed. The temperature in the room used for radiotelemetry experiments was maintained at 24 Ϯ 2°C. Two groups of animals (three per group) were treated with a single dose of the vehicle (2% Pluronic F108 in Ora-Plus) or 100 mg/kg JYL1421 via a nasogastric tube into the stomach at a dose volume of 10 ml followed by an air flush of ϳ5 ml. Data acquisition and analysis was done using the telemetry system that consisted of the Open A.R.T. (version 2.2)/PONEMAH physiology platform (version 3.322) . For pharmacokinetics analysis of JYL1421, blood samples were collected ϳ2, 4, 8, and 24 h after the dose administration and processed to plasma.
Statistical analysis. All core body temperature data by radiotelemetry of single-dose compounds were compared by t test analysis of the average temperature during the specified duration after the drug administration. For experiments with multiple doses including radiotelemetry and cap-saicin flinch, a one-way ANOVA with Dunnett's test of each dose versus vehicle was used.
Reagents. All of the cell culture reagents were purchased from Invitrogen (Carlsbad, CA). All TRPV1 antagonists used in this study were synthesized at Amgen. Methods for synthesis of TRPV1 antagonists used in this study were described in recent publications Wang et al., 2003; Doherty et al., 2005; El Kouhen et al., 2005; Xi et al., 2005; Ognyanov et al., 2006) .
Results

TRPV1 antagonists representing multiple different chemotypes cause hyperthermia
In our efforts to identify a TRPV1 antagonist for clinical evaluation, we synthesized a variety of novel small molecule antagonists Xi et al., 2005; Ognyanov et al., 2006 ) (data not shown). To measure antagonism of TRPV1 in vivo, we and others tested the ability of antagonists to block capsaicin-induced eye wipe (Gavva et al., 2005b; Jakab et al., 2005) , capsaicininduced hypothermia (Bannon et al., 2004; Jakab et al., 2005; Swanson et al., 2005) , and/or capsaicin-induced flinch behavior (Seabrook et al., 2002) in rats. We previously showed that AMG9810 is a potent antagonist of TRPV1 in vitro and blocks capsaicin-induced eye wipe in rats (Gavva et al., 2005b) . Here, we evaluated whether AMG9810 can inhibit capsaicin-induced hypothermia in rats implanted with radiotelemetry probes to monitor body temperature (Fig. 1a) . AMG9810 not only inhibited capsaicin-induced hypothermia but also caused an ϳ1°C increase in body temperature (hyperthermia) by itself within 30 min after administration ( Fig. 1) (Bannon et al., 2004) . Ten to 30 min after vehicle administration, the average temperature in the vehicle/vehicle group was 37.56 Ϯ 0.11°C (n ϭ 5), which as expected was comparable to the vehicle/capsaicin group (n ϭ 6), because only the vehicle had been administered in both groups during this time period (Fig. 1a) . The average temperature in the AMG9810-treated group (AMG9810/capsaicin) was 38.37 Ϯ 0.13°C (n ϭ 6), which was significantly higher than the vehicle/ vehicle group temperature (F (2,14) ϭ 14.92; p Ͻ 0.01). Forty to 100 min after additional vehicle or capsaicin administration, the average temperature of the vehicle/capsaicin group mean of 35.93 Ϯ 0.17°C (n ϭ 5) was significantly lower (hypothermia) than the vehicle/vehicle group mean of 37.20 Ϯ 0.16°C (n ϭ 5; t ϭ 4.75; p Ͻ 0.001). AMG9810 inhibited capsaicin-induced hypothermia with a group mean temperature of 37.02 Ϯ 0.21°C (AMG9810/capsaicin; n ϭ 6), which was significantly higher than the vehicle/capsaicin group temperature (t ϭ 4.27; p Ͻ 0.01). Additionally, we assessed the effect of AMG9810 alone on core body temperature over time (Fig. 1b) . The maximum average temperature of 38.93 Ϯ 0.16°C (n ϭ 6) observed 20 min after dosing was significantly higher than the vehicle group mean temperature of 38.01 Ϯ 0.15°C (n ϭ 5; t ϭ 4.20; p Ͻ 0.01). The average temperature after AMG9810 administration was also significantly higher at 30 min (38.77 Ϯ 0.18°C; n ϭ 6) relative to the vehicle-treated group (37.86 Ϯ 0.14°C; n ϭ 5; t ϭ 3.85; p Ͻ 0.01).
To investigate whether all TRPV1 antagonists cause hyperthermia, we evaluated the effect of various structurally distinct TRPV1 antagonists on body temperature in rats. First, we identified several compounds representing different chemotypes that block TRPV1 activation by capsaicin, protons, and heat (compounds A through H) ( Table 1) . To investigate the specific contributions of the antagonism of capsaicin, protons (pH 5.5 and 5), and heat activation of TRPV1 to hyperthermia, we subsequently examined antagonism data for several hundred compounds and found that (1) most compounds that blocked capsaicin activation also blocked heat activation and (2) a small group of compounds that block capsaicin and heat activation were ineffective against blocking proton activation (e.g., compounds I and J) (Table 1) . Finally, we evaluated a large number of compounds (including compounds A through J; chemical structures are shown in supplemental Fig. 1 , available at www.jneurosci.org as supplemental material) for their effect on body temperature in rats. Body temperature in rats increased by 0.5-1.5°C within 30 -90 min after administration of all TRPV1 antagonists tested, but not after treatment with the vehicle (Table 1) (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material, and data not shown). These observations suggested that antagonist-induced hyperthermia is not chemotype specific but rather occurs because of TRPV1 antagonism. Furthermore, the data suggested that antagonism of capsaicin (and by inference proposed endogenous chemical ligands) and heat activation of TRPV1 is sufficient to cause hyperthermia. 
Both brain-penetrant and peripherally restricted TRPV1 antagonists cause hyperthermia
To evaluate whether peripheral restriction of antagonists eliminates hyperthermia, we synthesized several compounds with decreased logP (octanol/water partition coefficient), increased polar surface area, and an increased number of hydrogen-bond donors to restrict their CNS penetration. Here, we evaluated in vitro and in vivo pharmacology, brain penetration, and pharmacokinetic properties of three molecules in detail.
pyrimidin-4-yl}oxy)quinoxalin-2(1H)-one (AMG1629) block capsaicin, proton, and heat activation of rat TRPV1 potently with IC 50 values Ͻ7 nM (Table 2 ). All three antagonists are Ͼ4000-fold selective relative to the closely related TRP channels (TRPV2, TRPV3, TRPV4, TRPA1, and TRPM8; data not shown). All three antagonists are orally bioavailable with pharmacokinetic properties that are amenable for in vivo studies (Table 2) . Intraplantar injection of capsaicin induces paw flinching in rats, and TRPV1 antagonists block this behavior (Seabrook et al., 2002) . We tested each one of the three antagonists delivered orally for their ability to block capsaicin-induced flinch in rats as a measure of TRPV1 antagonism in vivo. All three antagonists, AMG8163, AMG3731, and AMG1629, blocked 100% of capsaicin-induced flinch at doses of 3, 10, and 3 mg/kg, respectively (Table 2) . Plasma and brain concentrations of these antagonists measured in rats used in the capsaicin-induced flinch study and in another study after intravenous administration to rats indicated that AMG8163 was brain penetrant (brain/plasma ratio, 0.18 -0.5), whereas AMG3731 and AMG1629 were relatively peripherally restricted molecules (brain/plasma ratios: 0.02, Ϫ0.05, and ϳ0.05, respectively) (Table 2 and data not shown).
Next, we evaluated the effect of all three TRPV1 antagonists on body temperature (Table 2 , Fig. 2a-c) . AMG8163 caused hyperthermia of 1-1.5°C within 30 -60 min after administration in rats (Fig. 2a) . The maximum body temperature in the AMG8163-administered group was 38.23 Ϯ 0.24°C (n ϭ 6), which occurred 50 min after dosing and was significantly higher than the maximum vehicle group temperature of 37.18 Ϯ 0.18°C (n ϭ 5; t ϭ 3.43; p Ͻ 0.01). Similar to brain-penetrant AMG8163, both AMG3731 and AMG1629 caused hyperthermia of 0.5-1.2°C within 30 -60 min after their administration (Fig. 2b,c) . The maximum temperature in the AMG3731-administered group was 38.49 Ϯ 0.30°C (n ϭ 6), which occurred 50 min after dosing and was significantly higher than the maximum temperature of the vehicle group, which was 37.18 Ϯ 0.18°C (n ϭ 5; t ϭ 3.56; p Ͻ 0.01). The maximum temperature in the AMG1629 -administered group was 38.09 Ϯ 0.11°C (n ϭ 5), which occurred 20 min after dosing and was significantly higher than the maximum temperature of the vehicle group, which was 37.45 Ϯ 0.10°C (n ϭ 5; t ϭ 4.19; p Ͻ 0.01). Brain and plasma concentrations of AMG3731 and AMG1629, determined from the same rats, confirmed their peripheral restriction (brain/plasma ratios were 0.03 and 0.05, respectively). In addition to AMG3731 and AMG1629, two other peripherally restricted antagonists, 3-amino-5-((2-(( (1S)-1-(2-pyridinyl) ethyl)amino)-6-(4-(trifluoromethyl)phenyl)-4-pyrimidinyl)oxy)-2(1H)-quinoxalinone (AMG1394) and 3-amino-5-((6-(2-((2-(methyloxy)ethyl)amino)-6-(trifluoro- IC 50 values of these compounds against closely related TRP channels (TRPA1, TRPM8, TRPV3, and TRPV4) are Ͼ4000 nM. Note, AMG3731 is ϳ10-fold less potent in blocking different modes of rat TRPV1 activation compared to others. % F, Percentage of oral bioavailability at 5 mg/kg; Cmax, maximum plasma concentration at 5 mg/kg; AUC_0-t, concentration area under the curve from time 0 to the last time point measured at 5 mg/kg. methyl)-3-pyridinyl)-4-pyrimidinyl) oxy)-2(1H)-quinoxalinone (AMG2915) (both with a brain/pasma ratio of 0.04), also caused hyperthermia in rats (data not shown).
TRPV1 antagonist-induced hyperthermia is transient in nature
To understand whether hyperthermia correlates with plasma concentrations of TRPV1 antagonists, we administered different oral doses of AMG8163 to rats implanted with radiotelemetry probes and monitored their temperatures for 24 h (Fig. 2d) . AMG8163-induced hyperthermia showed a steep dose dependence, with 0.1 mg/kg causing a 0.5°C increase in body temperature and both 1 and 10 mg/kg causing a maximal increase of 1-1.5°C in body temperature that reached a plateau at 38.5°C. ANOVA at each time point revealed the greatest F value (F (3,18) ϭ 23.73; p Ͻ 0.01) 5 h after dosing: vehicle, 36.99 Ϯ 0.08°C; 0.1 mg/kg, 37.31 Ϯ 0.08°C ( p Ͻ 0.05); 1 mg/kg, 37.63 Ϯ 0.08°C ( p Ͻ 0.01); 10 mg/kg, 37.92 Ϯ 0.08°C ( p Ͻ 0.01). The concentration of AMG8163 in the plasma collected at the end of the experiment (24 h after dosing) was 1.6 Ϯ 0.5, 15.8 Ϯ 10.5, and 81.3 Ϯ 52 ng/ml for the 0.1, 1, and 10 mg/kg doses, respectively. Plasma concentrations of AMG8163 measured in several other studies also indicate that as little as 33.8 Ϯ 6.8 ng/ml was sufficient to trigger hyperthermia in rats [minimal effective concentration (MEC) of 33.8 Ϯ 6.8 ng/ml]. In general, hyperthermia did not persist or correlate with plasma half-life or concentration of TRPV1 antagonists, indicating the "transient nature" of the hyperthermic effect. For example, the plasma concentration of AMG8163 at 24 h in rats treated with 10 mg/kg was 81.3 Ϯ 52 ng/ml, which is approximately threefold higher than the MEC to induce hyperthermia. However, there was no significant difference in body temperature between vehicle-and AMG8163-administered rats at 12 h (F (3,18) ϭ 2.22; p Ͼ 0.05) or at 16 h and beyond (F (3,18) ϭ 0.28 -2.27; p Ͼ 0.05). The transient nature of the TRPV1-induced hyperthermia suggests a physiological tolerance that develops from the involvement of thermoeffector mechanisms, which bring body temperature toward the normal range once TRPV1 antagonists induce hyperthermia.
JYL1421 does not cause transient hyperthermia in rats and potentiates pH 5 activation of rat TRPV1
Because JYL1421 (also known as SC0030) was suggested to be a peripherally restricted TRPV1 antagonist in rats (Suh et al., 2003; Wang et al., 2003) , we evaluated the effects of JYL1421 on capsaicin-induced flinch behavior and body temperature in rats under the same conditions used for the AMG compounds. First, we evaluated JYL1421 in the capsaicin-induced flinch model at doses up to a maximum of 30 mg/kg (Fig. 3a) . JYL1421 showed 100% inhibition of capsaicin-induced flinch behavior in rats at 30 mg/kg (F (5,42) ϭ 4.4; p Ͻ 0.01; n ϭ 8), indicating complete ontarget coverage at the 30 mg/kg dose. Next, we evaluated the effects of JYL1421 (up to a maximum dose of 100 mg/kg) on body temperature in rats and found that it did not cause hyperthermia at any of the tested doses (Fig. 3b ). An ANOVA test 10 min after dosing showed a significant difference (F (4,30) ϭ 2.91), although all subsequent Dunnett's multiple comparisons to the vehicletreated group were nonsignificant ( p Ͼ 0.05). The highest temperature seen at any dose or time point was 37.51 Ϯ 0.09°C (n ϭ 7) in the 30 mg/kg dose group 30 min after dosing, which was neither significantly different from the highest temperature seen in the vehicle group of 37.35 Ϯ 0.13°C (n ϭ 7) 20 min after dosing (t ϭ 1.04; p Ͼ 0.05) nor significantly different from the vehicle group temperature at the same 30 min time point (37.32 Ϯ 0.10°C; n ϭ 7; t ϭ 1.44; p Ͼ 0.05). Brain and plasma concentrations determined in rats indicated that JYL1421 was peripherally restricted with a brain/plasma ratio ranging between 0.05 and 0.07. The plasma concentrations achieved at the 10 and 30 mg/kg doses, in both the capsaicin-induced flinch and telemetry experiments, were comparable.
Among the three peripherally restricted TRPV1 antagonists studied here, AMG3731 and AMG1629 caused hyperthermia in rats, whereas JYL1421 did not. Hence, we evaluated the pharmacology of JYL1421 in agonist-induced 45 Ca 2ϩ uptake assays under the same assay conditions used for testing of AMG3731 and AMG1629 (Fig. 3c,d) . JYL1421 acted as a full antagonist of capsaicin activation (IC 50 ϭ 8 nM) and as a partial antagonist of heat activation (maximal inhibition of 60% at 4 M) of rat TRPV1 (Fig. 3c) . In agreement with previous findings (Wang et al., 2003) , JYL1421 partially blocked pH 5.5 activation in CHO cells expressing rat TRPV1 (Fig. 3d) . Surprisingly, JYL1421 potentiated pH 5 activation in a concentration-dependent manner, as measured by the pH 5-induced 45 Ca 2ϩ uptake into CHO cells expressing rat TRPV1 (Fig. 3d) . Under the same assay conditions, AMG3731 and AMG1629 completely and potently blocked both pH 5 and pH 5.5 activation of rat TRPV1 (Table 2) . We confirmed JYL1421 potentiation of pH 5 activation multiple times (n ϭ 8), and the maximal potentiation ranged from 124 to 254% (average, 203 Ϯ 41%) relative to pH 5 activation alone (Fig. 3d and data not shown). JYL1421 by itself did not induce 45 Ca 2ϩ uptake into CHO cells expressing the rat TRPV1 receptor at physiological pH (pH 7.2), indicating that it is not a partial agonist.
JYL1421 blocks dog and cynomolgus monkey TRPV1 activation and causes hyperthermia in both species
Because two peripherally restricted TRPV1 antagonists (AMG3731 and AMG1629) caused hyperthermia in rats, we hypothesized that potentiation of pH 5 activation of rat TRPV1 by JYL1421 was responsible for the lack of hyperthermia in rats. We predicted that if JYL1421 blocks capsaicin and heat activation but does not potentiate pH 5 activation of TRPV1 from any species, it would cause hyperthermia in that species. To test this hypothesis, we evaluated the effect of JYL1421 on dog and cynomolgus monkey TRPV1 activation and body temperature in both species. First, we cloned and characterized TRPV1 cDNA from a dog [genomic sequencing followed by reverse transcriptase (RT)-PCR] and monkey (RT-PCR followed by mutagenesis of 11 residues in human TRPV1 to those that are present in cynomolgus monkey). HEK293 cells transiently transfected with dog TRPV1 and CHO cells stably expressing monkey TRPV1 were activated by capsaicin with EC 50 values comparable to rat and human TRPV1 (EC 50 values were 112 Ϯ 10, 94 Ϯ 11, 69 Ϯ 8, and 47 Ϯ 7 nM for rat, dog, monkey, and human TRPV1, respectively). Similarly, protons and heat also activated both dog and monkey TRPV1 (Fig. 4 and data not shown) . Next, we evaluated the ability of JYL1421 to block dog and monkey TRPV1 activation in agonist-induced 45 Ca 2ϩ uptake assays. JYL1421 acted as a full antagonist of capsaicin activation (Fig. 4a,b) and as a partial to full antagonist of heat (Fig. 4a,b) and proton (Fig. 4c,d ) activation of both dog and monkey TRPV1. Importantly, JYL1421 did not potentiate pH 5 activation of either dog or monkey TRPV1 (Fig.  4c,d) .
Because JYL1421 blocks capsaicin, heat, and proton activation of dog and monkey TRPV1, which is similar to the antagonism profile of other peripherally restricted TRPV1 antagonists studied here (AMG3731 and AMG1629), we predicted that it would cause hyperthermia in dogs and monkeys. To test that, JYL1421 was administered orally to both dogs (30 mg/kg) and monkeys (100 mg/kg) implanted with radiotelemetry probes, and their body temperatures were recorded for 24 h (Fig. 4e,f ) .
In dogs, resting body temperatures of the JYL1421-and vehicle-treated groups at Ϫ1 and 0 h were not significantly different (JYL1421, 38.01 Ϯ 0.22°C and 38.65 Ϯ 0.14°C, n ϭ 3; vehicle, 37.41 Ϯ 0.38°C and 37.81 Ϯ 0.27°C, n ϭ 3; t ϭ 1.38 and t ϭ 2.77; p Ͼ 0.05). Beginning at the first time point (1 h) after dosing, body temperature in the JYL1421-administered group rose to 38.94 Ϯ 0.22°C (n ϭ 3), which was significantly greater than that in the vehicle group (37.03 Ϯ 0.62°C; n ϭ 3; t ϭ 3.01; p Ͻ 0.05). The two groups remained significantly different from each other (t ϭ 3.01-8.94; p Ͻ 0.05-0.001) until 6 h after administration, when the temperature of the JYL1421 group dropped to 38.54 Ϯ 0.32°C (n ϭ 3 and the temperature of the vehicle group was 37.72 Ϯ 0.33°C (n ϭ 3; t ϭ 1.79; p Ͼ 0.05). At 7 and 8 h, the two groups were significantly different (all respectively, t ϭ 7.23 and 3.25; n ϭ 3; p Ͻ 0.05). At 9 and 10 h, the groups were not significantly different (t ϭ 1.56 and 1.18; n ϭ 3; p Ͼ 0.05). At 11 and 12 h, the groups were again significantly different (t ϭ 11.21, n ϭ 3, p Ͻ 0.001; and t ϭ 5.50, n ϭ 2, p Ͻ 0.05). From 13 to 20 h (t test could not be done at hour 14 because of both dogs in the JYL1421 group having temperatures of 37.70°C), the two groups were not significantly different (t ϭ 0.37-1.72; n ϭ 2-3; p Ͼ 0.05). Mean serum concentrations (n ϭ 3) in the JYL1421-treated group were 5860, 4620, 1680, and 97.8 ng/ml at 2, 4, 8, and 24 h after administration, respectively.
In monkeys, resting body temperatures of the JYL1421 and vehicle groups were not significantly different (JYL1421: 38.26 Ϯ 0.06°C, n ϭ 3; vehicle: 38.05 Ϯ 0.12°C, n ϭ 3; t ϭ 0.18; p Ͼ 0.05). During hours 1-17, the JYL1421-treated group had a significantly higher body temperature than the vehicle group (t ϭ 2.98 -8.66; n ϭ 3; p Ͻ 0.05-0.01), with a maximum temperature of 39.40 Ϯ 0.05°C (n ϭ 3) at 3 h and 39.40 Ϯ 0.03°C (n ϭ 3) at 5 h, whereas the maximum mean temperature (n ϭ 3) in the vehicletreated group was 38.74 Ϯ 0.08°C (at 9 h). During hours 18 -24, mean body temperature in the JYL1421-treated group was significantly greater than in the vehicle-treated group (t ϭ 3.95-6.78; n ϭ 3; p Ͻ 0.05-0.01), except at 18 h (t ϭ 1.93; n ϭ 3; p Ͻ 0.05) and 22 h (t ϭ 2.65; n ϭ 3; p Ͼ 0.05). Mean serum concentrations (n ϭ 3) in the JYL1421-treated group were 3761, 4236, 2570, and 712 ng/ml at 2, 4, 8, and 24 h after administration, respectively.
Notably, no JYL1421-related clinical observations or alterations in food consumption, body weight, motor activity, or cardiovascular parameters were observed in dogs or monkeys. In summary, JYL1421 caused transient hyperthermia in both dogs (increase of ϳ1.8°C) and monkeys (increase of 0.5-1°C), confirming that blocking TRPV1 activation (and not potentiating pH 5 activation) results in hyperthermia.
Discussion
By characterizing the in vitro and in vivo pharmacology of TRPV1 antagonists representing multiple chemotypes, we discovered that antagonists of all modes of TRPV1 activation as well as those that only block capsaicin and heat activation cause hyperthermia, demonstrating that blocking two modes of TRPV1 activation is sufficient to induce hyperthermia. Furthermore, we found that peripherally restricted TRPV1 antagonists cause hyperthermia in rats (AMG3731 and AMG1629), dogs (JYL1421), and monkeys (JYL1421), suggesting that peripheral restriction of antagonists by chemical modification does not eliminate hyperthermia caused by TRPV1 antagonism and that TRPV1 antagonists cause hyperthermia in multiple species, from rodents to primates. Hyperthermia is caused by the same dose of TRPV1 antagonists (both brain penetrant and peripherally restricted) that blocks capsaicin-induced flinch (on target coverage), indicating that coverage of the target (efficacy) in the flinch model and antagonist-induced hyperthermia are not separable. Therefore, TRPV1 antagonist-induced hyperthermia may represent a potential hurdle for development of TRPV1 antagonists as therapeutics for chronic pain conditions. Although JYL1421 blocks capsaicin and heat activation of rat TRPV1, it did not cause hyperthermia in rats. However, JYL1421 has different pharmacology at the rat TRPV1 channels; specifically, it potentiates pH 5 activation. The fact that JYL1421 causes hyperthermia in dogs and monkeys and blocks capsaicin, proton, and heat activation, but importantly does not potentiate dog and monkey TRPV1 activation by pH 5, also confirms that blocking TRPV1 activation in vivo results in hyperthermia. We do not know whether JYL1421 is peripherally restricted in dogs and monkeys; however, in light of the results with AMG1394, AMG1629, AMG2915, and AMG3731, we propose that blocking TRPV1 activation results in hyperthermia, even if the antagonists are predominantly restricted to the periphery.
Capsaicin, an agonist of TRPV1, when administered orally, subcutaneously, or intracerebrally produces hypothermia in a wide variety of animals and in humans (Hori, 1984) . Two predominant mechanisms underlie the capsaicin-induced hypothermia; one mechanism induces substance P and calcitonin gene-related peptide (CGRP) release (Jhamandas et al., 1984; Holzer, 1991; Gavva et al., 2005b) , which results in vasodilation in the periphery and therefore increases heat loss, and the second mechanism reduces metabolism (as measured by reduction in the oxygen consumption), which lowers heat production (Hori, 1984) . Chronic effects of capsaicin on thermoregulation include irreversible desensitization and neuronal ablation that results in loss of hypothermia to subsequent capsaicin treatments (JancsoGabor et al., 1970a,b) , indicating that capsaicin-induced hypothermia is mediated by its receptor, TRPV1. In line with this hypothesis, capsaicin did not cause hypothermia in TRPV1 knock-out mice (Caterina et al., 2000) . Because agonists such as capsaicin and RTX cause hypothermia, it is reasonable to hypothesize that antagonists of TRPV1 might cause hyperthermia, but only if TRPV1 is tonically activated in vivo.
Antagonists representing multiple different chemotypes that block TRPV1 activation by capsaicin, heat, and protons, as well as those that block only capsaicin and heat activation, causing transient hyperthermia, demonstrate the presence of tonic TRPV1 activation in vivo. Because the antagonists used in this study are selective for TRPV1, we believe that no other TRP channels contribute to antagonist-induced hyperthermia. Because both peripherally restricted and brain-penetrant antagonists caused hyperthermia, we propose that the regions with tonic TRPV1 activation are readily accessible to peripheral blood flow. The mechanism(s) of tonic TRPV1 activation may include the following: (1) activation by endogenous ligands (Van Der Stelt and Di Marzo, 2004) ; (2) phosphorylation and sensitization of TRPV1 by protein kinases, which result in the activation of TRPV1 at body temperature (Premkumar and Ahern, 2000) ; and/or (3) cleavage of phosphatidylinositol bisphosphate by phospholipase C, releasing the TRPV1 from constitutive suppression (Chuang et al., 2001 ). Sensitization of TRPV1 by phosphorylation and phospholipase C activation-mediated release of TRPV1 from constitutive suppression may result from a small pool of activated G-protein-coupled receptors that are involved in constitutive processes and/or metabolic pathways that occur normally in cells.
The following facts demonstrate involvement of tonic TRPV1 activation in body temperature regulation: (1) agonists of TRPV1 cause hypothermia in rodents and humans (Hori, 1984) ; (2) there is an absence of agonist-induced hypothermia in TRPV1 knock-out mice (Caterina et al., 2000) ; (3) antagonists of TRPV1 representing multiple different chemotypes caused hyperthermia in rats (present study; Bannon et al., 2004; Swanson et al., 2005) ; (4) there is a correlation of antagonism of TRPV1 activation by JYL1421 with hyperthermia in dogs and monkeys (present study); (5) TRPV1 knock-out mice showed some impairment in thermoregulation (Szelenyi et al., 2004; Iida et al., 2005) ; and (6) there is an absence of antagonist-induced hyperthermia in TRPV1 knock-out mice (A. A. Steiner, V. F. Turek, J. J. S. Treanor, N. R. Gavva, and A. A. Romanovsky, unpublished data) . Based on the heat or cold activation, a group of TRP channels expressed in sensory nerve endings and in the skin were proposed as "thermoTRP" channels (Patapoutian et al., 2003) to mediate thermosensation Moqrich et al., 2005) . Here, we extend the scope of this hypothesis to include thermoregulation and demonstrate that one of the thermoTRP channels, TRPV1, plays a critical role in body temperature regulation. TRPV1 antagonists causing hyperthermia in rats, dogs, and monkeys indicate the conserved function of TRPV1 in body temperature regulation from rodents to primates.
It has been established that warm-sensitive neurons in the preoptic/anterior hypothalamus (PO/AH) serve as first efferent neurons for several autonomic thermoeffectors and thus play a principal role in central control of thermoregulation (for review, see Boulant, 1981; Hori, 1984; Romanovsky, 2007) . The presence of capsaicin-sensitive structures in the preoptic and in other areas of the hypothalamus was predicted in the early 1970s (Szolcsanyi et al., 1971) and confirmed later by other groups (Rabe et al., 1980; Hori et al., 1988; Acs et al., 1996; Szallasi and Blumberg, 1999; Toth et al., 2005) . Because some parts of the PO/AH (e.g., the organum vasculosum of the lamina terminalis) are, in fact, outside of the blood-brain barrier (BBB) and peripherally restricted antagonists cause hyperthermia, we propose that the site of action for TRPV1 antagonist-induced hyperthermia is predominantly outside of the BBB. However, small amounts of peripherally restricted TRPV1 antagonists did penetrate the brain; hence, we cannot completely rule out CNS regions that are protected by the BBB contributing to hyperthermia. Although capsaicin causes vasodilation through substance P and CGRP release from sensory neurons (Holzer, 1991) , it is not known whether tonic TRPV1 activation is involved in maintenance of vasomotor tone. If it is indeed involved, then TRPV1 antagonists might cause vasoconstriction as one of the (peripheral) mechanisms of antagonist-induced hyperthermia. Additional studies will focus on elucidating the mechanisms of TRPV1 antagonist-induced hyperthermia.
